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Abstract: Chemically modified metal surfaces have been used to recognize and capture specific cell
types and biomolecules. In this work, stainless steel wires were functionalized with aptamers
against breast cancer stem cell markers. Stainless steel wires were first electropolished and
silanized via electrodeposition. Aptamers were then attached to the silanized surface through
a cross-linker. The functionalized wires were able to capture the target cells in an in vitro
test. During surface modification steps, wires were analyzed by atomic force microscopy,
cyclic voltammetry, scanning electron and fluorescence microscopy to determine their surface
composition and morphology. Optimized conditions of silanization (applied potential, solution pH,
heat treatment temperature) for obtaining an aptamer-functionalized wire were determined in this
work together with the use of several surface characterization techniques suitable for small-sized
and circular wires. These modified wires have potential applications for the in vivo capture of
target cells in blood flow, since their small size allows their insertion as standard guidewires in
biomedical devices.
Keywords: stainless steel wire; functionalization; silanization; aptamers; breast cancer stem cells
1. Introduction
Stainless steel (SS) is commonly used in biomedical devices and applications because of its
biocompatibility and mechanical properties [1,2]. Recent applications of SS include functionalized
guidewire for the capture of cells [3], biosensing [4] and sorptive extraction of contaminants [5]. All of
these applications require chemical modification of the surface. Silanization of the SS surface is
commonly adopted as a preliminary step prior to functionalization with specific biomolecules.
APTES ((3-aminopropyl)triethoxysilane) is a widely used silane-coupling agent in silanization.
The quality of the silanization process plays an important role in further surface functionalization [6],
requiring a thorough investigation of silanization conditions.
With the recent progress in both treatment and prognosis of breast cancer, recurrence and resistance
to therapy still remain the biggest problems in managing breast cancer [7] and metastasis, being the
main reason for the death of patients. Several studies suggest that only a small subset of tumor cells,
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called breast cancer stem cells (BCSC), is responsible for increased resistance to therapy, and that
these cells drive tumor growth and development. BSCS are similar to normal stem cells, as they
are capable of self-renewal and multi-lineage differentiation [8,9]. Similar to CSC, circulating tumor
cells (CTC) occur at low concentration in the blood circulation, making their capture challenging.
To overcome this problem, the CellCollector™ device, which is based on a SS medical guidewire
coated with epithelial cell adhesion molecule (EpCAM) antibodies, was developed [10]. The device
showed a superior performance compared with CellSearch™, a device cleared by the Federal Drug
Administration of the United States for CTC detection [10]. CellCollector™ was tested in patients
with breast [11–13], prostate [14,15], lung [16–18], head and neck cancer [13]. It is estimated that by
putting the functionalized wire in contact with patients’ blood for 30 min, it is exposed to 1.5–3 L of
blood [19], and this improves the chances of capturing rare events such as binding of CTCs in the
blood. Using this guidewire, a decrease in the CTC count was measured after treatment (surgery)
and more CTCs were found in later stages of disease [20], making it useful for monitoring treatment
responses. Furthermore, capturing CTCs using this device and further molecular characterization of
the cells could bring personalized medicine closer to reality [12,21]. Other devices designed to isolate
CTCs from the blood stream include flexible magnetic wires that capture cells previously labelled
with injected magnetic nanoparticles [22] and a “cytosensor” based on the functionalized SS needle
(also covered with EpCAM antibodies) [4]. All of these studies, however, rely on the detection of CTC
by EpCAM antibodies. EpCAM can be reduced in its expression during epithelial-to-mesenchymal
transition, which is associated with dissemination of tumor cells [23]. Thus, there is a need for the
discovery of more specific markers and/or a combination of methods to isolate tumor cells with stem
cell-like properties (i.e., CSC) [24].
This work aimed to optimize surface pre-treatment and the subsequent silanization of SS wires
via electrodeposition. After being covered with APTES, the SS wires were further functionalized with
a cross-linker and aptamers against BCSC biomarkers and tested to capture the target cells, BCSC.
The surface and the in vitro BCSC capture were characterized using several surface characterization
methods. The overall scheme of the work undertaken in this study is shown in Figure 1. The work
consisted of several stages: electropolishing of the wire, optimization of silanization through
electrodeposition, functionalization of the surface with aptamers, and testing it to capture target
cells. After each of the surface modifications, the surface was analyzed by surface characterization
techniques, as shown in Figure 1.
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Figure 1. Overview of the functionalization of the stainless steel (SS) wire to capture breast cancer 
stem cells (BCSC). APTES: (3-aminopropyl)triethoxysilane; AFM: atomic force microscopy; CV: cyclic 
voltammetry; FITC: fluorescein isothiocyanate; EDS: energy-dispersive X-ray spectroscopy; SEM: 
scanning electron microscopy. 
Figure 1. Overview f t e functionalizati n of the stainless steel (SS) wire to capture breast
cancer stem cells (BCSC). APTES: (3-aminopropyl)triethoxysilane; AFM: atomic force microscopy;
CV: cyclic voltammetry; FITC: fluorescein isothiocyanate; EDS: energy-dispersive X-ray spectroscopy;
SEM: scanning electron microscopy.
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2. Materials and Methods
2.1. Pre-Treatment of SS
The 316 L SS wire (diameter 0.18 mm; The Crazy Wire Company, Warrington, UK) was cut into
pieces (ca. 7–8 cm) forming a hook on one end. One of two pretreatment methods was applied:
(i) sonication only (sample: sonic) and (ii) electropolishing (sonication and further electropolishing)
(sample: Elpol (electropolished)). Sonication was conducted in an ultrasonic bath (Branson 1800,
Danbury, CT, USA) according to [25], where the samples were sonicated in deionized water, acetone,
ethanol with an additional sonication in water (each for 10 min). Electropolishing was performed
in a two-electrode setup using PalmSens4 potentiostat (PalmSens BV, Houten, The Netherlands),
where flat SS was used as a cathode and the applied 1.8 V potential obtained a current of ca. 30 mA
when 50–55 mm of the anode was immersed in the electrolyte. Electropolishing was conducted under
constant temperature (75–80 ◦C) in a solution of 11 M H3PO4 and 4.5 M H2SO4 [26] with a constant
distance between electrodes (ca. 15 mm) for 300 s.
2.2. Electrodeposition of APTES
Silane was electrodeposited on wires in a three-electrode system consisting of platinum (Pt) wire
as a counter electrode, silver (Ag) wire as a quasi-reference electrode (QRE) and pretreated samples
as working electrodes on an IM6 electrochemical station (ZAHNER-Elektrik, Kronach, Germany).
Ag electrode was coated with Ag/AgCl ink (ALS Co., ltd, Tokyo, Japan) and heated at 70 ◦C for
20 min in an oven before use. Electrodeposition solution contained 0.02 M APTES (Sigma Aldrich,
Steinheim, Germany), to which different volumes of 0.1 M HCl and ethanol were added (to obtain a
pH of 4–6) for a final volume of 131 mL. Constant negative potential (−0.6; −0.8; −1.0 or −1.2 V vs.
Ag QRE) was applied to the samples for 30 min, and they were heat treated for 1 h at 130 ◦C. After heat
treatment, the wires were rinsed in water for 2 min to remove physiosorbed molecules [27] (sample:
HT (heat treated after APTES)) and cut for further analyses.
2.3. Cyclic Voltammetry
Cyclic voltammetry (CV) was performed in phosphate-buffered saline (PBS) (pH 7.4) containing
0.1 M KCl and 1 mM K3[Fe(CN)6]/K4[Fe(CN)6] with a potential set of from −0.6 V to 0.7 V and a scan
rate of 50 mV/s. The three-electrode system consisting of Pt wire as a counter electrode, an Ag/AgCl
(3 M NaCl) reference electrode (RE) (Zimmer and Peacock, Horten, Norway) and a working electrode
(sample of interest) was used on the IM6 electrochemical station. Thirteen CV cycles were performed,
and the last one was used for comparison.
2.4. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS) Analysis
The samples were analyzed on FeSEM Auriga (Crossbeam 540, ZEISS, Oberkochen, Germany) for
obtaining SEM images at 5 kV at magnifications of 500 and 2000 times. For EDS analysis, a JSM-IT200
(JEOL, Tokyo, Japan) microscope at 20 kV at a magnification of 2000 times was used. The samples
(sonic, Elpol, HT) were attached onto a carbon tape (Agar scientific, Stansted, UK) before analysis.
2.5. FITC Analysis
The HT samples were incubated with 125 µg/mL fluorescein-5-isothiocyanate (FITC)
(Sigma Aldrich, Steinheim, Germany) in sodium carbonate/bicarbonate (pH 9.2) buffer for 2 h
in the dark and washed with ethanol for 5 min and dried. Elpol (no silanization) served as a control
sample. The samples were then attached on glass slides and visualized on a fluorescence microscope
(FLoid™ cell imaging station, Thermofisher, Loughborough, UK).
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2.6. Immobilizing Ligands
To immobilize ligands on silanized wires, the HT samples were incubated with a cross-linker
(5% glutaraldehyde in PBS) for 1 h and rinsed with PBS (sample: HT-GA (heat treated after
APTES-glutaraldehyde)). To immobilize the aptamers, the HT-GA samples were incubated
with amine-modified CD44-aptamers (5′-[AmC6F]-CCAAGGCCTGCAAGGGAACCAAGG-3′;
Sigma Aldrich, Steinheim, Germany), which were originally selected by systematic evolution of
ligands by exponential enrichment (SELEX) [28] and then truncated in an in silico study [29].
For immobilization, cross-linked wires were incubated with 2.5 µM of aptamers in binding buffer
(BB; 50 mM Tris-HCl and 20 mM MgCl2, pH 7.4) for 1 h at 37 ◦C and rinsed with BB (sample: HT-GA-Apt
(heat treated after APTES-glutaraldehyde)). Unreacted aldehyde groups on the samples were blocked
by ethanolamine (0.5 M) for 15 min and rinsed with BB. After blocking, aptamer-functionalized
samples (sample: HT-GA-Apt-block or functionalized wire) were rinsed with washing buffer (BB with
0.1% Tween 20) and stored at 4 ◦C in BB before further use. Electropolished wire (no silanization) was
used in all functionalization steps and treated as control samples (sample: Elpol-GA-Apt-Block or
control wire).
2.7. Atomic Force Microscopy (AFM)
High-resolution topographical characterization of the surfaces was carried out using SmartSPM
1000 (AIST-NT Inc., Novato, CA, USA) in AC (alternating current) mode (non-contact mode).
All measurements were performed with a scanning rate of 0.7 Hz; the scan range was
5 µm × 5 µm (2.5 µm × 2.5 µm or 1 µm × 1 µm) in X-Y; and height Z was set automatically. Super sharp
type “NSG30_SS” cantilever (Golden Silicon Probes; TipsNano, Tallinn, Estonia), with a tip radius
curvature of up to 2 nm, a force constant of 22–100 N/m, and a resonance frequency of 240–440 kHz in
air, was used.
2.8. Testing the Functionalized SS Surface to Capture BCSC
Cells from a well-characterized human breast cancer stem cell line (Celprogen; Torrence, CA,
USA, Cat. no. 36102-29) were grown on a T75 flask coated with a human breast cancer stem cell
extracellular matrix (ECM) (Celprogen; Cat. no. E36102-29) in human breast cancer stem cell complete
media with serum (Celprogen; Cat. no. M36102-29PS). Cells were dissociated with 2.5 mM PBS-EDTA
(ethylene diaminetetraacetic acid; Thermofisher, Loughborough, UK) for 5 min, washed with PBS and
filtered through a cell strainer (70 µm). Cells (5 × 105 cells/mL) were incubated with functionalized and
control samples for 30 min and then fixed with 3.7% formaldehyde (Sigma Aldrich, Steinheim, Germany)
for 15 min and stained with DAPI (4′,6-diamidino-2-phenylindole). Wires were then visualized on a
fluorescence microscope (FLoid™ cell imaging station, Thermofisher, Loughborough, UK).
3. Results and Discussion
3.1. Pre-Treatment of SS
The SS wires (a diameter of ~160 µm as measured by SEM) were electropolished for 300 s
at 30 mA before silanization. The electropolished SS wires were then analyzed with AFM
and SEM. The wire diameter decreased to ~135 µm, and the surface appeared well polished
(Figure 2A–D). Electropolishing for 100 s and 200 s was not enough to produce a fully polished surface
(Supplementary Figure S1). Examining samples after electropolishing with AFM further supported the
results from SEM of successful electropolishing, as seen from Figure 2E–H. Large unevenness of the
surface levelled out after electropolishing.
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3.2. Electrodeposition of APTES: General Consideration
Before silanization, the substrate needs to be hydrolyzed to allow sufficient silanol groups (Si-OH)
to react with the surface [30]. During electrodeposition of silane, applied negative potential causes the
formation of hydroxyl ions that catalyze the binding of silane on the surface [31]. The electrodeposition
of silane-coupling agents offers a more uniform coating [32] and the possibility of controlling thickness
and geometrically coating complex shapes [33]. By using electrodeposition, it is possible to avoid
additional steps in surface modification (surface hydroxyl generation). Characterization of the
functionalized wire after silanization and further with ligands poses some challenges since common
techniques such as contact angle measurement and Fourier-transform infrared spectroscopy (FTIR)
cannot be used due to the small size of the wire. Therefore, other techniques, such as AFM, EDS, CV,
and FITC analysis, were exploited in this work.
3.3. Electrodeposition of APTES: Applied Potential
Electrodeposition using different applied potentials was studied on two different SS samples:
sonicated (sonic) and electropolished (Elpol). Sonication did not change the surface roughness of the
samples, thus, the AFM images after electrodeposition at−0.8,−1.0, and−1.2 V were not distinguishable
from the samples prior to electrodeposition (Figure S2). On the other hand, electropolishing results
in a smooth sample surface, which allowed accurate AFM characterization of the silanized surface.
APTES electrodeposition on electropolished SS wires under different potentials produced surfaces
with different morphology when studied on AFM (Figure 3). With the increase in the applied potential
(from −0.6 to −1.2 V), the roughness of the surface increased, as shown by the increase in the root mean
square roughness (rms) of the surfaces. The increase in film thickness with more negative potentials
was also reported during silanization of SS with two different silanization agents [33], where at higher
potential irregular films were formed, probably due to hydrogen evolution. The sample silanized at
−1.2 V in this study also had more polymerized particles. The potential of −0.8 V (Figure 4) was further
studied since it produced more uniform surfaces and the chronoamperometry graphs (Figure S3) were
decreasing and then stabilizing, as previously reported for silanized poly-ethylene glycol on SS [23].
In the literature, a monolayer of APTES with a height of 0.8 ± 0.1 nm was reported to produce a
well-functionalized film, while higher values were considered polymerized APTES (more than one
layer) [6]. Other studies report higher particle height of 1.8 nm [34] and less than 2 nm for a single
APTES layer [35]. Howarter et al. [36] obtained surfaces with rms values of 1.5–2.9 nm corresponding
to 2–4 APTES layers with no agglomerates or multi-island growth present on the surface. Rms value of
3–4 nm were also reported in [37]. In light of these previous studies, it was decided to consider APTES
functional if the layer uniformly covered the samples and the range of particle size was 0.8–2.0 nm,
with a few larger particles (indicating polymerized APTES) on the surface. Surfaces with a particle
height of less than 0.8 nm were not considered silanized.
CV can be used as a surface characterization technique, as the changes in peak current and
peak-to-peak separation after each modification step correlate with the electron transfer resistance of
the surface, which in turn indicates the formation of a non-conductive silanized layer [38]. The CV
of wires silanized with APTES using different applied potentials is shown in Figure S4. The electron
transfer resistance followed the following order: −1.2 V < Elpol < −0.6 V < −0.8 V, with −0.8 V
producing the optimal silanized layer. The lower electron transfer resistance at −1.2 V is likely due to a
less uniform coverage of the surface and formation of larger particles, as shown on AFM (Figure 3).
The samples silanized at −0.8 V showed the highest concentration of Si, C, and O in the EDS analysis
and were further functionalized with aptamers (Figure S5).
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3.4. Electrodeposition of APTES: pH of the Solution
Togeth r with the applied potential d ring electrodeposition of APTES, different pH values of
the electrodeposition solution (pH 4–6) were studied. AFM images of these silanized surfaces are
shown in Figure 4. All the surfaces appear covered with 0.8–1 nm particles. Some larger particles
could also be seen for pH 4 (>6 nm) and pH 6 (>10 nm). At pH 5.5 some particles with 4 nm size
were formed. Solution pH is an important factor during electrodeposition; it affects hydrolysis and
condensation of APTES. Usually, before being immobilized on metal, it has to be hydrolyzed to form
silanol (Si-OH) groups. However, after hydrolysis, condensation can take place where it is polymerized
and precipitated [30], thus, it is necessary to minimize this process. It was reported by Tesoro et al. [39]
that at a pH of 7, the hydrolysis rate is minimal and at a pH of 4.3, condensation is minimum for
APTES, where condensation is a base-catalyzed reaction. Since reducing silane concentration also
minimizes its condensation [30], its APTES concentration was also reduced in this work.
The presence of APTES on the surface was also investigated by incubating with FITC. FITC is a dye
with an N=C=S functional group which reacts with amine and thiol groups [40]. Thus, it can be used for
fast qualitative assay of showing that the surface has been aminated with APTES. As seen in Figure 5,
the control sample (Elpol + FITC) had lower signal intensity (autofluorescence) than the silanized
samples (HT + FITC). Similarly, FITC analysis was used for qualitative analysis of various surfaces after
silanization with APTES, including silicon oxide [40], poly(dimethylsiloxane) [41], nanoparticles [42],
and titanium [43].
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Figure 5. FITC analysis of the control (Elpol-electropolished) and silanized sa ples ( T)
(electrodeposition at the applied potential of−0.8 V for 30 min) as visualized by fluorescence microscopy.
Silanized surfaces were analyzed by SEM/EDS. For silanized samples, that also showed blocking in
CV, an increase in Si (from to 0.70 to 0.83 at%) when compared to Elpol was observed. Increased content
of C (from 0 to 13.70 at%) and O (from 0 to 3.77 at%) was also observed for some samples. The presence of
APTES on surfaces reported in the literature also showed an increase in elements such as C, Si, O [44–46].
SEM/EDS is also a widely used method for surface characterization. According to the literature, when
surfaces (SS or other metals) silanized with APTES are visualized on SEM, they are either smooth [33]
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or have some aggregates (particle size not reported but estimated to be 10–60 nm) [27,47]. As opposed
to SEM, EDS seems a more useful technique to study the surface after silanization.
3.5. Electrodeposition of APTES: Heat Treatment Temperature
Heat treatment after silanization is another important parameter to consider since it affects the
covalent bond forming between APTES molecule and the surface. Two heat treatment temperatures
(70 ◦C [4] and 130 ◦C [27]) were tested for HT after electrodeposition (Figure 6A,B) taken as the lowest
and the highest reported in the literature. As a result, it was observed that at 130 ◦C, a more uniform
layer was formed, while for 70 ◦C, some larger particles (up to 4.5 nm) were seen. Additionally,
FITC analysis of samples after silanization and subsequent heat treatment at two different temperatures
showed that at 130 ◦C the surface had a more uniform and higher signal for FITC than that of 70 ◦C
(Figure 6C,D).
3.6. Attaching Aptamers
In order to immobilize ligands on a silanized surface, it has to be cross-linked first; in our
case, we used GA whose aldehyde groups (-CHO) could be used to form imines for further
immobilization [48]. In this work, we observed a decrease in the surface roughness after GA
(Figure 7) with lowered rms from 0.1 to 2 nm across the samples. After treating with GA, it is expected
that the surface either retains the same rms as the silanized surface (0.18 nm) [49] or becomes smoother,
as reported by two studies (from rms 0.830 µm to 0.524 µm in [50] and rms from 0.69 to 0.51 nm in [35]).
Binding of GA was also confirmed by CV where after GA, treatment of the HT sample lowered the
peak current and increased the peak-to-peak separation (Figure 8). In the literature, when treated with
GA, the APTES-silanized electrode [51] also had a lowered peak current and an increased peak-to-peak
separation. This was attributed to the insulating film of GA forming on the surface and electrostatic
repulsion between glutaraldehyde and the redox couple.
After treatment with the cross-linker, the wire was incubated with aminated aptamers. In AFM,
the aptamer-treated surfaces showed smoother (mean roughness Ra from 1.46 for the bare surface to
1.36 nm for the aptamer surface) [52] or rougher (1.79 nm for the bare surface to 2.53 nm for the aptamer
surface) [53] surfaces in two different studies. We also observed a range of different results: smoother,
rougher, or similar in surface topography, but all of them showed that the surface was modified from a
previous HT-GA sample used in the reaction (Figure 9). Aptamer immobilization was also confirmed
by CV. The aptamer-immobilized surface had a lowered current (Figure 8), suggesting blocking of
the electron transfer between the redox couple and the surface by the aptamer layer. The control
surface (Elpol not silanized) (Figure S5) had cyclic voltammograms that were not changed as much in
all functionalization steps, suggesting that GA and the aptamer were immobilized on the silanized
surfaces. The study of aptamers on electrodes with CV by [54] showed a lowering of peak current and
a lowered peak-to-peak separation [55].
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3.7. Testing the Surface to Capture Cells
After being fully unctionalized, the wires (together with a control wi e) were tested to
capture target cells. Fo this, BCSC we e chos n as target cells given their imp rtance in breast
cancer. Well-characterized cells from patients with triple-negative br ast c cer with a number of
biomarkers and characteristics pertaining to BCSC were chosen in this study. This includes surface
biomarkers such as CD133, CD44, SSEA3/4, Oct4, and imp rtant enzymes (alkaline ph sphatase,
aldehyde dehydrogenase, and telomerase) and tumorigenicity of less than 1000 cells. SS samples
were incubated with the cells dissociated with PBS/EDTA. Using non-enzymatic cell dissociation was
important for retaining cell surface proteins for further binding to the aptamers [56]. Figure 10 shows
the results of fluorescence imaging before and after incubation with the cells. The functionalized wire
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was able to capture cells on the surface, as seen from blue-stained nuclei, while the control wire had a
very low number of cells as compared to the functionalized wire. Performing this test was important to
show that wires made of biocompatible material can capture specific target cells of interest. To further
exploit the potential of the aptamer-functionalized wires for in vivo applications, this in vitro study
should be replicated in a model that mimics blood flow (e.g., vein diameter, blood flow, and more
complex media containing other cells and proteins). In the future, the functionalized wire also needs
to be tested using control cells with no or low expression of CD44 biomarkers (such as breast epithelial
cells) and tested with different cell concentrations.
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silanization but also allowed their characterization by AFM after silanization. Having an additional
tool to characterize the surface was important since the physical dimensions of the wire limited the use
of other methods, such as contact angle measurement or FTIR. Silanization by electrodeposition was
optimized as the first step before biomolecule-attaching on the wire. Based on the surface analysis
techniques used, the best applied potential during electrodeposition was −0.8 V, and the pH of the
solution was 4–5. Heat treatment of silanized wires at 130 ◦C produced better APTES-covered surfaces
than at 70 ◦C, as shown both by AFM and FITC analyses. The functionalized wire was able to
capture BCSC as opposed to the control wire when visualized by fluorescence microscopy. When the
wire was characterized by the combination of methods (AFM, CV, EDS, and FITC analysis), a better
overall view of the surface modification was generated. Small-diameter wires, with the ability to fit
standard catheters and of being covered with aptamers against BCSC biomarkers could be important
in diagnostics. After further assessment, they could be used in vivo to capture rare cancerous cells
such as BCSC by processing a large volume of blood.
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(Elpol) and silanized with APTES using different applied potentials (HT): −1.2; −0.8, and −0.6 V; CV conducted in
PBS with a pH of 7.4 containing 0.10 M KCl and 1.0 mM [Fe(CN)6]3−/4− with a scan rate of 50 mV/s. Potential vs. RE
(3 M NaCl). Figure S5: Cyclic voltammograms of functionalizing steps of a control sample (Elpol—electropolished)
with aptamers. CV conducted in PBS with a pH of 7.4 containing 0.10 M KCl and 1.0 mM [Fe(CN)6]3−/4− with a
scan rate of 50 mV/s. Potential vs. RE (3 M NaCl).
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